Successful cloning by nuclear transfer has been reported with somatic or embryonic stem (ES) cell nucleus injection into enucleated mouse metaphase II oocytes. In this study, we enucleated mouse oocytes at the germinal vesicle (GV) or pro-metaphase I (pro-MI) stage and cultured the cytoplasm to the MII stage. Nuclei from cells of the R1 ES cell line were injected into both types of cytoplasm to evaluate developmental potential of resulting embryos compared to MII cytoplasmic injection. Immunocytochemical staining revealed that a spindle started to organize 30 min after nucleus injection into all three types of cytoplasm. A well-organized bipolar spindle resembling an MII spindle was present in both pro-MI and MII cytoplasm 1 h after injection with ES cells. However, in the mature GV cytoplasm, chromosomes were distributed throughout the cytoplasm and a much bigger spindle was formed. Pseudopronucleus formation was observed in pro-MI and MII cytoplasm after activation treatment. Although no pronucleus formation was found in GV cytoplasm, chromosomes segregated into two groups in response to activation. Only 8.1% of reconstructed embryos with pro-MI cytoplasm developed to the morula stage after culture in CZB medium. In contrast, 53.5% of embryos reconstructed with MII cytoplasm developed to the morula/blastocyst stage, and 5.3% of transferred embryos developed to term. These results indicate that GV material is essential for nucleus remodeling after nuclear transfer.
INTRODUCTION
Cloned mammals have been generated through introducing somatic or embryonic stem cell nuclei into enucleated metaphase II (MII) oocytes. Thus far, only oocytes enucleated at MII or soon after preactivation have been shown to fully reprogram transferred nuclei [1] [2] [3] [4] [5] [6] [7] , including serial nuclear transfer [8] . Zygote cytoplasm is not considered suitable for nuclear transfer [9] . So the question arose, is it possible to enucleate early stage oocytes such as germinal vesicle (GV) or pro-metaphase I (pro-MI) stage oocytes before they mature to the MII stage and use them as recipients for nuclear transfer?
In mammals, oocytes are arrested naturally in the first prophase with a very large nucleus called the GV. Following hormone stimulation, GV breakdown (GVBD) allows the mixing of GV material with cytoplasm and is thought to be necessary for sperm chromatin decondensation and cleavage in fertilized eggs [10, 11] . A number of classic studies have shown that enucleated amphibian oocytes and anucleate mouse oocyte fragments undergo maturation promoting factor (MPF) activation soon after release from prophase I arrest, as semiquantitatively indicated by their cytoplasmic activities, to induce GVBD in recipient immature oocytes [12] [13] [14] [15] [16] . In a recent study, GV material was essential for MPF reactivation in Xenopus oocytes [17] . Besides MPF, another protein kinase, mitogen-activated protein kinase (MAPK), may be important in regulating meiotic maturation of mammalian oocytes [18, 19] . However, GV material was not necessary for the activation of MAPK in porcine oocytes [20] . In another study, the mixing of GV material with cytoplasm was not essential for the initiation of protein reprogramming process during maturation; no differences in protein synthesis were apparent between oocytes and enucleated oocytes after release from prophase I [21, 22] .
The purpose of this study was to determine whether oocytes enucleated at GV or pro-MI stage can be used as recipients for nuclear transfer, thus answering the question of whether GV material is essential for nuclear remodeling. The oocytes were enucleated at GV or pro-MI stage and cultured to MII as recipients for nuclear transfer. Immunocytochemical staining was employed to observe cytoskeleton organization and DNA changes of reconstructed oocytes following injection of embryonic stem (ES) cells and activation. The results indicate that GV material is essential for nucleus remodeling; no pseudopronuclei were formed in GV stage enucleated oocytes after nuclear transfer.
MATERIALS AND METHODS Reagents
All inorganic and organic compounds were purchased from Sigma Chemical Company (St. Louis, MO) unless otherwise stated.
ES Cell and Culture Conditions
The ES cell line R1 [23] was provided by Dr. Lesley Forrester at passage 14 and was grown for another five passages at the institute. Thus, the R1 cells used in the present experiments were at passage 19. The ES cells were cultured in Dulbecco modified Eagle medium (MEM; Gibco BRL [Life Sciences Ltd.], Paisley, Scotland, U.K.) supplemented with 15% heat-inactivated fetal calf serum (FCS), 1000 units/ml of leukemia inhibitory factor, 2 mM L-glutamine, 1% MEM nonessential amino acids solution (Gibco BRL), and 1% ␤-mercaptoethanol. One night before the experiment, the serum concentration was reduced to 5%. Small (Ͻ10 m) ES cells presumably at G1 stage were selected for nuclear transfer.
Collection of Oocytes
The experiments were conducted following approval by the Roslin Institute Animal Ethics Committee and within a project license issued under the Animal (Scientific Procedures) Act of 1986.
FIG. 1.
Enucleation of oocytes at the GV and MII stages. A) Zona of GV oocyte is cut by a sharp needle. B) GV is removed by a pipette. C) MII spindle is visible, and zona is drilled by Piezo pulses. D) MII spindle with small amount of cytoplasm is removed by a pipette. Bar ϭ 50 m. B6D2F 1 female mice, 8-10 wk old, were used in all experiments. For collection of GV oocytes, the ovaries were removed from the female mice 42-44 h after eCG injection. Antral follicles were punctured by 30-ga needles, and cumulus-enclosed GV oocytes were released into Hepes-buffered CZB medium (HCZB) [24] containing 0.2 mM 3-isobutyl-1-methylxanthine (IBMX) to inhibit GVBD. GV oocytes were alternatively precultured in MEM containing IBMX for 1 h to increase perivitelline space (PVS) or cultured in MEM for 2 h to allow GVBD [25] . Cumulus cells were removed by pipetting, and cumulus-free oocytes were selected for enucleation. After 2 h of culture in MEM, pro-MI oocytes were freed of cumulus cells and selected for enucleation. For collection of mature oocytes, oviducts were removed from the female mice 13-15 h after hCG injection. Cumulus-oocyte complexes were released into HCZB containing 0.1% bovine testicular hyaluronidase (300 USP units/mg; ICN Biomedicals Inc., Aurora, OH). Cumulus cells were dispersed by a 5-min treatment with hyaluronidase, and MII oocytes were kept in CZB before enucleation.
Enucleation
Enucleation was performed under an inverted microscope equipped with Eppendorf TransferMan NK micromanipulator. The method used to remove GV was described previously [26] . A group of GV oocytes were transferred to a droplet of HCZB containing 0.2 mM IBMX and 5 g/ml of cytochalasin B. The PVS-enlarged oocyte was held by a holding pipette and the zona pellucida was cut by a sharp glass needle (Fig. 1A ). An enucleation pipette with an inner diameter of 25 m was used to go through the same cut and to remove the GV with a minimal volume of cytoplasm. Enucleation of pro-MI and MII oocytes was carried out as previously reported [2] . A group of oocytes was transferred to a drop of HCZB containing 5 g/ml cytochalasin B (CB). A small pipette with an inner diameter of 6-8 m was attached to a Piezo drill miromanipulator controller (PMM 150; Prime Tech Ltd., Ibaraki, Japan). After applying several Piezo pulses to the tip of the pipette, a hole was drilled in the zona. Pro-MI or MII spindle, distinguished as a translucent spot in the cytoplasm (Fig. 1C, arrow) , was drawn into the pipette with a small amount of cytoplasm and gently pulled away from the oocyte until a stretched cytoplasmic bridge was pinched off. After enucleation, the GV and pro-MI cytoplasm were cultured in MEM containing 10% FCS for another 14 and 13 h, respectively. MII cytoplasm was kept in CZB before nuclear transfer.
Nuclear Transfer
Small drops of ES cell suspension were mixed well with 10% polyvinylpyrrolidone (360 kDa; ICN) in HCZB. A small (Ͻ10 m) R1 ES cell was drawn in and out of the injection pipette (inner diameter 5 m) until the cell membrane was broken and separated from the nucleus. After an ES cell nucleus was drawn deep into the pipette, the same pipette was used to pick up several cell nuclei. Within a few minutes, four to six nuclei were lined up inside the pipette. These nuclei were injected one by one into the three kinds of cytoplasm. After injection, the reconstructed oocytes were kept in CZB for 1-3 h before activation.
Activation and Embryo Culture
Reconstructed oocytes were activated for 5-6 h in Ca 2ϩ -free CZB containing 10 mM Sr 2ϩ and 5 g/ml CB to inhibit polar body release [2, 27] . After activation, the surviving embryos with pseudopronuclei were collected and cultured in CZB to the morula/blastocyst stage for embryo transfer.
Embryo Transfer and Cesarean Section
Morula/blastocyst embryos (72-74 h after activation) were transferred into uteri of pseudopregnant surrogate mothers that had been mated with vasectomized male mice 2.5 days previously. Five to 10 morula/blastocyst embryos were transferred into each uterus horn. Recipient mothers were killed at 19.5 days postcoitum, and the pups were quickly removed from the uteri. After cleaning of fluid from their air passages, pups were kept in a warm box supplied with oxygen. Surviving pups were raised by lactating mothers.
Immunocytochemical Staining of Reconstructed Oocytes
At different time points following injection and activation, reconstructed oocytes were processed for immunocytochemical staining to observe cytoskeletal organization and DNA configuration. Oocytes were fixed and extracted for 30 min at 37ЊC in a microtubule stabilization buffer (0.1 M Pipes, pH 6.9, 5 mM MgCl 2 ·6H 2 O, 2.5 mM EGTA) containing 2% formaldehyde, 0.5% Triton X-100, 50% deuterium oxide, and 1 mM dithiothreitol. After washing three times in a blocking solution of PBS containing 10% normal goat serum, 0.1% Triton X-100, and 0.02% sodium azide, the oocytes were stored at 4ЊC until processed. To evaluate microtubule and microfilament dynamics and chromatin configuration, multiple fluorescence labeling using triple-stain analysis was performed. Oocytes were incubated with fluorescein isothiocyantate-conjugated anti-␣-tubulin antibody and rhodamine phalloidin (1:4000; Molecular Probes, Eugene, OR) in a blocking solution of PBS containing 5% normal goat serum in the dark at 37ЊC for 1 h. After washing three times in the blocking solution, the oocytes were mounted in vectashield containing 5 g/ml of 4Ј,6Ј-diamidino-2-phenylindole (DAPI). Labeled oocytes were viewed using an Axiovert S 100 photomicroscope, Zeiss (Imaging Associates Ltd., Thame,
-W mercury arc lamp using a 40ϫ Neofluar objective. Images were acquired using the Kinetic Imaging System (Imaging Associates Ltd.).
Statistical Analysis
The results were evaluated using a chi-square test. A P value of Ͻ0.05 was considered significant.
RESULTS

Microtubule Patterns and Nucleus Changes after Nuclear Transfer
Microtubule patterns and nucleus changes following ES cell injection into mature cytoplasm enucleated at the GV stage are shown in Figure 2 , A-D. The nucleus remained intact 5 min after injection, and no spindle started to organize ( Fig. 2A) . A spindle started to organize 30 min after injection, and condensed chromosomes formed (Fig. 2B) . A well-organized spindle that resembled an MI oocyte spindle formed 1 h after injection, but the chromosomes appeared disorganized (Fig. 2C) . Chromosome distribution throughout the cytoplasm was observed 3 h after injection (Fig. 2D, arrow) . In contrast to GV cytoplasm, microtubule organization and nucleus changes in pro-MI cytoplasm were comparable to those of MII cytoplasm injected with ES cell nuclei. The nucleus remained intact after injection for 5 min before a spindle started to organize and associate with condensed chromosomes 30 min after injection (Fig.  2, E-H) . A well-organized spindle that resembled an MII oocyte spindle formed and chromosomes aligned on the metaphase plate 1 h after injection. Microtubule organization and DNA configuration in MII cytoplasm injected with ES cell nuclei are shown in Figure 2 , I-L.
Microtubule Patterns and DNA Configuration During Activation
Calcium-free CZB containing 10 mM Sr 2ϩ and 5 g/ml CB was used as activation medium. Microtubule patterns and DNA configuration of reconstructed oocytes with GV cytoplasm are shown in Figure 3 , A-C. The spindle remained intact and some scattered chromosomes could be detected in the cytoplasm 1 h after activation (Fig. 3A,  arrow) . Chromosomes separated into two groups and moved toward their respective poles 3 h after activation (Fig. 3B) , and the oocyte was at the telophase stage. The two groups of chromosomes remained condensed and a spindle continued to be assembled 5 h after activation, with no pseudopronuclei formation observed (Fig. 3C ). In contrast to the process in GV cytoplasm, DNA and microtubule dynamics in pro-MI cytoplasm injected with ES cells was very different. Chromosomes were moving toward their respective poles and the reconstructed oocyte was at the anaphase stage 1 h after onset of activation (Fig. 3D) . Two sets of separated chromosomes were starting to decondense 3 h after activation (Fig. 3E) . Two large decondensed pseudopronuclei formed 5 h after activation, and the spindle remained visible (Fig. 3F) . Microtubule and DNA changes in MII cytoplasm injected with ES cells during activation are shown in Figure 3 , G-I. The reconstructed oocyte was at the telophase stage and two groups of chromosomes were at their respective poles 1 h after activation (Fig. 3G) . Thereafter, DNA and microtubule patterns resembled a pro-MI cytoplasm reconstructed oocyte (Fig. 3, H and I) . In MII reconstructed oocytes, more microfilaments were distributed in the cortex than in the GV and pro-MI reconstructed oocytes (Fig. 3, A-E) .
Developmental Potential of Nuclear Transfer Embryos
Approximately 85%-95% of enucleated oocytes survived after injection of ES cells into all three types of cytoplasm. However, the survival rate using MII cytoplasm was slightly higher than that for the other two types of cytoplasm. All reconstructed oocytes from MII cytoplasm survived activation; however, only 74% and 73% of reconstructed oocytes from GV and pro-MI cytoplasm, respectively, survived activation (Table 1) . No reconstructed oocytes from GV cytoplasm were activated after strontium treatment. There were no differences in pseudopronuclei formation between MII and pro-MI reconstructed oocytes after activation. Among the embryos that underwent the first cleavage, MII reconstructed embryos showed a much higher subsequent development rate than did pro-MI reconstructed embryos (Table 1) . After further culture, only 8.1% of pro-MI reconstructed embryos developed to morulae and then degenerated. In contrast, 53.5% of MII reconstructed embryos developed to the morula/blastocyst stage. After embryo transfer, six pups were recovered from the surrogate mothers at 19.5 days postcoitum.
DISCUSSION
In this study, GV material was essential for nuclear remodeling after nuclear transfer. When mature GV stage enucleated oocytes were used as recipients for nuclear transfer, reconstructed oocytes could not form pseudopronuclei after activation treatment, and chromosomes remained condensed. Although reconstructed embryos from mature pro-MI stage enucleated oocytes could form pseudopronuclei normally, very few embryos cleaved and developed to morulae. In contrast, a very high percentage of embryos reconstructed by using MII cytoplasm developed to the blastocyst stage, and 5% of transferred embryos developed to term.
In animal cloning experiments, nuclear transfer has been performed mostly with enucleated MII oocytes that were subsequently activated to initiate embryo development. The transferred nucleus undergoes disassembly and reassembly in the MII cytoplasm [28] . Disassembly involves nuclear envelope and lamina breakdown and chromatin condensation [29] [30] [31] [32] [33] . Following activation of the reconstructed oocyte, nuclear reassembly involves decondensation of the chromatin, formation of a new nuclear envelope, polymerization of a new lamina, formation of nucleoli and expansion of the remodeled nucleus [34] . In the present study, when a mature GV stage enucleated oocyte was used as a recipient for nuclear transfer the transferred ES cell nucleus could be disassembled, as indicated by chromatin condensation. However, following activation the nucleus could not be fully remodeled; no nucleolus formation and no expansion of the nucleus was observed in the reconstructed oocyte. Disassembly of the transferred nucleus is related to the level of MPF activity, and others have demonstrated that the anucleate oocyte can undergo MPF activation [12] [13] [14] [15] [16] . Our results also indicate that GV material is not required for MPF activation because the spindle can organize and the nucleus can condense into chromosomes 1-3 h after injection of the ES cell nucleus into a mature GV stage enucleated oocyte. However, following activation treatment no pseudopronuclei formation was observed in the reconstructed oocyte. These results suggest that the GV material is responsible for the reassembly of the transferred nucleus.
Results from previous studies on amphibians suggest that nuclear components stored in the oocyte GV facilitate remodeling of somatic nuclei, and the candidate molecules include nuceloplasmin and N1/N2 [35] [36] [37] [38] . Both of these molecules can mediate the transfer of the core histones to DNA and the assembly of nucleosomes [39] . Nucleoplasmin is important in removing sperm protamines and decondensing the sperm chromatin to allow the assembly of the paternal pronucleus [40, 41] . To elucidate the mechanism of reprogramming, we must determine which molecules, such as nucleoplasmin and others, are released from the GV at GVBD in mammal oocytes In contrast to GV stage enucleated oocytes, the transferred nucleus can undergo disassembly and reassembly in the mature pro-MI stage enucleated oocyte. Similar to the MII enucleated oocyte, a bipolar spindle formed and condensed chromosomes aligned on the metaphase plate 1-3 h after nuclear transfer. This situation is different from that in a previous report [7] , in which the authors suggested that the nucleus condensed into a disorganized chromosome array when a small ES cell (G1/G0 stage) nucleus was transferred into MII cytoplasm. Only a large cell (G2) nucleus could condense to form an orderly chromosome array resembling an MII plate. A different staining method used in this study showed the association of chromosomes and spindle much more directly.
Compared with MII reconstructed embryos, the developmental potential of reconstructed embryos with mature pro-MI cytoplasm is very limited. Microfilament distribution in the pro-MI reconstructed embryos was very different from that of MII reconstructed embryos, and less microfilament distribution was observed in pro-MI reconstructed embryos. Actin is a major component of the cytoskeleton. Early studies suggested that actin filaments were responsible for maintenance of the meiotic spindle, spindle rotation, polar body release, pronuclei migration, and mitotic cleavage [42] [43] [44] [45] [46] . The decreased microfilament distribution may be one important reason for the poor development of reconstructed embryos with mature pro-MI cytoplasm. In previous studies, embryos produced by in vitro fertilization of in vitro-matured oocytes showed very different microfilament distribution and limited developmental ability compared with in vivo-produced embryos [47, 48] . Another possible reason for the poor development in pro-MI reconstructed embryos could be that enucleated oocytes were matured without nuclei. Nuclear-cytoplasm coordinated maturation is believed to be necessary for full maturation of oocytes [49] . Cumulus cell could also be a factor in the poor development of pro-MI reconstructed embryos; the pro-MI cytoplasts were matured in vitro without cumulus cells. In previous studies, cumulus cells were important for oocyte maturation and further development after fertilization [50] [51] [52] [53] .
The results of the present study demonstrated that GV material is essential for nucleus remodeling after nuclear transfer. More work is needed to determine what factors are released from the GV during GVBD, as this information will enable us to better understand the molecular basis of nuclear reprogramming.
